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ABSTRACT 


This study evaluated dome test samples of a superplastic AA5083 
aluminum alloy deformed at nominally constant strain rates under biaxial strain 
conditions. Dome test samples resulted from gas-pressure forming of sheet 
material; for this study, samples were deformed at strain rates corresponding 
either to grain boundary sliding or dislocation creep control of deformation. 
Orientation Imaging Microscopy was utilized to determine texture development, 
grain size and grain-to-grain misorientation angle distributions for locations 
located along a line of latitude of the dome samples. The goal was to identify the 
location of the transition from grain boundary sliding to dislocation creep. Grain 
boundary sliding, which dominates at lower strain rates, can be recognized by a 
randomized texture and a higher concentration of high disorientation angles. 
Dislocation creep, which dominates at higher strain rates, is characterized by 
fiber texture formation and development of a peak at lower angles in the grain-to- 
grain misorientation angle distribution. 
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I. INTRODUCTION 


There is a push in today’s automotive industry to replace steels with 
suitable, lighter metallic materials. With today’s increasing fuel costs, lighter cars 
would require less energy to move, thereby saving direct consumer costs as well 
as natural resources. Aluminum is one such metal under consideration because 
of its potential formability and lightness. Incorporating aluminum into automotive 
bodies requires that increased costs for this not be so great that vehicle prices 
become prohibitive or such that no net savings can be realized. 

An important concern in choosing a suitable aluminum alloy is corrosion 
resistance. Aluminum-magnesium alloys such as AA5083 are well suited in this 
area due to their general resistance to corrosion, coupled with their moderate 
strength and weldability [Ref. 1, 2]. However, this material has insufficient 
formability and, as Harrell states [Ref. 3], 

Aluminum alloys have not been used more widely for many 
structural and transportation applications because alloys of 
sufficient strength may be difficult to form using conventional die 
forming methods, and alloys that are easily formed often do not 
possess sufficient strength. 

Traditional forming practices present inherent difficulties when used with 
aluminum. Extrusion and rolling can only produce limited shapes. Milling 
produces excessive waste and casting often results in porosity problems and low 
strength. Consequently, new methods such as superplastic forming, 
electromagnetic forming, and hydroforming are gaining increasing attention [Ref. 
4]. Aluminum alloys are currently used in aerospace applications because the 
weight advantages are more important than the added costs associated with 
utilization of this metal. Thus, advances in forming techniques would have a 
significant technological impact on both automotive and aerospace production. 

Superplastic forming (SPF) requires large tensile elongations because 
material will be deformed by subjecting a heated sheet of superplastic aluminum 
to a pressure differential in order to form complex shapes. The related process 
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for forming steel parts utilizes stamping with mated dies. SPF requires only one 
die per part and the die not be as hard as those used for steels. An illustration of 
SPF is depicted below in Figure 1. 


High Pressure 



BEFORE 


High Pressure 



AFTER 

Figure 1: Schematic of Superplastic Forming Process ([From Ref. 5]) 

During SPF, the sheet initially deforms under biaxial strain conditions. 
After it comes into contact with the die forming conditions become more complex. 
The significant concerns generated by SPF are being addressed in ongoing 
research, such as sheet thinning and cavitation. Throughout forming, the sheet 
thins in a non-uniform manner which leads to areas of reduced strength that are 
more prone to failure. In addition to thinning, the onset of cavitation within the 
material also decreases the strength and is most prominent at the thinnest 
sections. 
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Finally, in order to achieve the desired forming characteristics, SPF has 
been carried out at generally low strain rates, which dictate long forming times. 
This has been a deterrent to wide-spread industrial implementation. If higher 
forming rates could be employed, lower forming times would result [Ref 6]. The 
requirement for generally low forming rates reflects that two independent 
mechanisms contribute to the overall rate of deformation. These are grain 
boundary sliding (GBS) at low rates and dislocation creep at high rates. Since 
grain boundary sliding generally gives the highest elongations it is necessary to 
deform at rates within the GBS regime [Ref. 7], 

This report considers the effects of strain rate over a wide range during 
biaxial forming in an effort to understand the effect of strain rate on superplastic 
forming under such conditions. Previous studies have analyzed superplastic 
deformation under unixial tension and identified methods to differentiate between 
the GBS and dislocation mechanisms. The aim of this research was to assess 
whether these methods could be employed on a sample formed under biaxial 
strain conditions and to identify in each sample where the possible transition 
between deformation mechanisms occurred. 
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II. BACKGROUND 


A. SUPERPLASTICITY 

“Superplasticity is the ability of a polycrystalline material to exhibit, in a 
generally isotropic manner, very high tensile elongations prior to failure [Ref. 7].” 
Typically elongations of 10% to 100% are observed in engineering metals, while 
elongations >200% generally classify a material as superplastic. It is not 
uncommon to observe tensile elongations greater than 1000%, and the 
maximum superplastic elongation recorded is 8000% in a commercial bronze 
sample. There are two types of superplastic behavior: fine-structure 
superplasticity (FSS), which will be the focus of this research, and internal-stress 
superplasticity (ISS). As suggested by the name, a refined grain structure is 
imperative for FSS. Normally, FSS metals exhibit equiaxed grains less than 10 
urn in diameter and less than 1 urn in ceramics [Ref 7]. . 

For tensile deformation the dependence of the flow stress, a, on the true 
strain rate, z, is described by the equation: 

c7 = Ks m Equation 11-1 

where K is a material constant and m is the strain-rate sensitivity coefficient. 
Most metals and their alloys exhibit m values of less than 0.2. In general, 
superplastic materials evidence sensitivity coefficients of greater than 0.33. 
However, although m values in this range are necessary for superplasticity, they 
do not guarantee its occurrence [Ref. 7, 8]. 

During elevated temperature deformation of a superplastic material the 
two active deformation mechanisms are GBS (accommodated by slip), and 
dislocation creep. These mechanisms operate independently and therefore have 
additive effects [Refs. 2, 7, 8, 9, 10]. A number of models have been suggested 
to describe the additive effects of GBS and dislocation creep. The general 
assumption of each model is that both creep mechanisms behave according to 
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Equation 11-1 but having the corresponding values of K and m. A more 
comprehensive model incorporating temperature dependence has the form [Ref. 
7]: 


D l b 1 \E) L L \E) 



Equation 11-2 


Where D L is the lattice diffusivity, b is the Burger’s vector, E is the Young’s 
modulus, and L is the mean linear intercept grain size. Dislocation creep and 
grain boundary sliding are then expressed in the right hand side of the equation 
as the first and second terms, respectively. However, use of this model requires 
that the rate-controlling step be known [Refs. 2, 7, 8, 9, 10]. 

Application of equation 11-2 for isothermal conditions is depicted in Figure 
2. There are three regions depicted in this plot. Region one is characterized by 
high m values, superplastic ductility, and the dominance of GBS. Grain boundary 
sliding usually occurs with a strain-rate sensitivity coefficient of about 0.5 and, as 
shown, is dominant at low deformation rates. The equiaxed grain structure in 
FSS along with the prevalence of high-energy boundaries accommodates sliding 
under the proper shearing conditions. 



Ui 

o 


log a 


Figure 2 Schematic plot depicting three deformation regions experienced in 

superplastic forming ([After Ref. 3]) 
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As the strain rate increases a transitional stage is observed. The strain 
rate at the transition from superplasticity to normal tensile elongation is inversely 
proportional to the grain size. Through the transition region, grain boundary 
sliding gives way to dislocation creep as the dominant deformation mechanism. 
The strain rate sensitivity then becomes approximately 0.2 and the material shifts 
from superplastic flow to normal ductility [Refs. 7, 11], 


B. MICROSCOPY METHODS 

Research in this area was completed primarily through the use of 
analytical electron microscopy. Scanning electron, backscatter electron, and 
orientation imaging microscopy were all implemented over the course of this 
study. 

1. Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy employs an electron beam and various 
signals to create images of sample surfaces. As shown in Figure 3, an electron 
gun generates a beam which is focused through a series of lenses and magnetic 
coils. The beam interacts both elastically and inelastically with electrons and 
atoms in the specimen, and causes specimen electrons and x-rays to be emitted 
[Ref. 12]. The inelastic collisions generate secondary electrons that typically 
have energy less than 50 eV. An electron detector subsequently converts the 
secondary electrons to an electrical signal which is, in turn, fed to a signal 
processing unit to generate the corresponding image [Ref. 13]. 
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Figure 3 SEM schematic ([After Ref. 13]) 


While X-rays can be used to verify the composition of a material, they 
were not useful in the progress of this study. Secondary electron images and 
backscatter images which provide topographical information, however, were 
used to verify Orientation Imaging techniques and identify second phase particles 
and cavities. 

2. Orientation Imaging Microscopy and Analysis 

Orientation Imaging Microscopy, or OIM, uses the SEM as a point probe 
of the local lattice orientation. It is carried out by displacing the electron beam 
from point to point in a raster pattern as depicted below. 
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Orientation measurements are then made at each point through electron 
backscatter diffraction patterns (EBSP) which will be discussed further in the 
experimental section of this paper. The measurements taken from a given scan 
area are then compiled into a data file which can be analyzed by the software. 
This software allows for a grain-specific microstructure representation where a 
grain is considered an area of constant lattice orientation. Once the orientations 
of two points are known, the misorientation angle between them can be 
calculated [Ref. 15, 16, 17, 18]. 

OIM software evaluates EBSPs by locating the Kikuchi bands, measuring 
the angle between the bands, and then comparing them to a set of reference 
patterns. The computer locates the bands through the application of the Hough 
transform which translates the bands into points in Hough space. These are 
more readily identified and catalogued by the software. The angles are then 
calculated and the comparison between experimental and theoretical patterns is 
carried out. This allows for determination of microstructural phase and 
crystallographic orientation [Ref. 15, 16, 17, 18]. An example of a grain map 
generated by OIM software is shown in Figure 5. 
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Figure 5 Example of a grain map created with OIM software ([From Ref. 16]) 

In general, several crystallographically equivalent rotations will bring two 
crystals in coincidence. Each rotation may be described by a misorientation 
angle and corresponding rotation axis. For the purpose of this study, however, 
the misorientation angle will be defined as the smallest among these angles. 
The user defines a grain tolerance angle which stipulates the maximum 
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misorientation necessary to identify two lattice structures as separate grains. 
Thus, grain boundaries divide two areas of differing lattice orientations. Due to 
crystal symmetry, misorientation angles for a cubic material range from 0 to 62.8° 
and a compilation of all the misorientation data available for a scan area is 
represented in a histogram as shown below. The histogram shows the relative 
number of boundaries as a function of misorientation angle. The diagram below 
indicates a predominance of low-angle boundaries [Ref. 15, 16, 17, 18]. 
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Figure 6 

“Texture analysis is a statistical methodology for analyzing the distribution 
of crystallographic orientation in polycrystalline materials [Ref. 16].” Texture plots 
are stereographic projections of specified planes. The stereographic projections 
are coupled to a set of reference axes and thus describe the spatial distribution 
of lattice orientation. The following figure shows an example of both a random 
texture, generated during this research, and a fibered, or axisymmetric, texture 
as depicted in the OIM Analysis Manual [Ref. 16]. The color plots allow the user 
to see the relative intensity of points at a given location. 



Misorientation Anale Tdeareesl 

Example of a histogram generated by OIM software ([From 
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Figure 7 


Example of (a) a random texture and (b) a fiber texture 
([From Ref. 16]). 


Texture can also be represented in a polar plot as shown in Figure 8. The chart 
shows the intensity as a function of location by taking the integration of a pole 
figure about the azimuthal on the stereographic projection. The use of these 
charts allows the apparent texture from different planes to be plotted on the same 
graph [Ref. 16]. 


Pole Plot 


00 1 




Figure 8 Example of a polar plot and the corresponding texture ([From Ref. 

16]). 


C. PREVIOUS STUDIES 

Previous studies in this area have looked at the effects of superplasticity 
as it pertains to cavity growth, forming conditions, dynamic recrystallization, and 
deformation mechanisms. 
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1. Cavitation 

Studies by Verma et al. [Ref. 8] on AA 5083 have shown that cavitation 
increases with increasing strain and strain rate as depicted in Figure 9, which 
illustrates the general trend of their results. The effect of strain and strain rate on 
cavitation in other materials has also shown similar results [Refs. 8, 20]. Studies 
done on materials in both uniaxial and equibiaxial tension have shown that under 
optimum conditions, the amount of cavitation only slightly increases from uniaxial 
testing to equibiaxial testing [Ref. 6]. 



Figure 9 Schematic representation of strain and strain rate effects on 

cavitation ([After Ref. 8]). 

2. Grain Growth 

It has also been shown that during superplastic forming, a continuous 
dynamic recrystallization process occurs [Refs. 8, 19]. The investigation on 
AA5083 noted above and conducted by Verma et al., 1996, examines the 
occurrence of both static and dynamic grain growth as functions of strain rate 
and time. They observed that dynamic grain growth was significantly greater 
than static grain growth. The researchers also found that higher strain rates 
showed an increased growth rate during dynamic grain growth as represented in 
Figure 10 [Ref. 8]. 


12 





Figure 10 Schematic representation of time and strain rate effects on grain 

growth ([After Ref. 8]). 


3. Texture 

Past research on texture development has resulted in the following three 
findings. First, thermomechanical processing techniques such as hot rolling can 
cause a weak apparent orientation in sheet materials [Refs. 16, 21, 22]. This 
results in a faint texture during orientation imaging work. Second, grain boundary 
sliding causes a rotation of the grains themselves which generates an 
indiscriminate orientation structure and consequently a random texture [Refs. 11, 
17, 21,23, 24]. Finally, dislocation creep causes distortions within the lattice and 
a preferred orientation of grains which produces a fiber texture during OIM [Refs. 
11, 17]. 

Previous studies conducted at this university on AA5083 in uniaxial 
tension have confirmed these findings. The most recent reports were conducted 
using the same SEM and OIM software used in this research. These studies 
verified the independent and additive effects of grain boundary sliding and 
dislocation creep through texture measurements. It was noted that the grain 
rotation experienced during GBS generates a randomized texture in the material 
while maintaining an equiaxed grain shape. Dislocation creep, on the other 
hand, causes lattice rotations within the grain which lead to grain distortion and 
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result in a preferred orientation, namely a <111> fiber orientation and a 
{100}<100> cube component, as shown in the figure below [Refs. 3, 7, 17]. This 
combination was shown to allow compatible deformation under uniaxial tensile 
straining conditions [Ref. 10]. Harrell, 2001, observed that dislocation creep 
exhibits the characteristic formation of elongated grains with fine subgrains 
distinguished by misorientation angles less than 15°. He also noted that cold- 
rolled materials exhibit a banded structure prior to deformation [Ref. 3]. 

{100)001* 
component 


fiber 


Figure 11 Schematics of the microstructural effect of (a) Grain Boundary 
Sliding and (b) Dislocation Creep ([From Ref. 17]). 
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III. EXPERIMENTAL PROCEDURE 


A. OVERVIEW 

This thesis included work done on two AA 5083 dome samples, provided 
by the University of Texas, Austin. The samples, designated 978931-5 and 
978931-1, were formed at strain rates of 3x1 O' 4 s' 1 and 10' 2 s' 1 respectively. Both 
samples were produced under biaxial strain conditions. One objective of this 
research was to confirm that the sample formed at the slower strain rate 
underwent deformation in the grain boundary sliding regime only. The second 
goal was to determine if it is possible to identify the location where dislocation 
deformation replaced grain boundary sliding as the dominant deformation 
mechanism. 

B. SAMPLE SET 

A pneumatic bulge test was employed to form the samples, during which a 
preheated AA5083 blank was clamped between a lower platen and an upper 
cylindrical forming die, then subjected to a constant gas pressure as depicted in 
Figure 12. The die holding the sample is contained in a furnace able to maintain 
uniform temperatures. 


Clamping Force 



Gas Pressure 


Figure 12 Schematic of bulge forming process ([After Ref. 26]) 

15 


“The height of the resulting dome-shaped sample is taken as a relative 
measure of the material’s formability... The bulge test also allows a region of the 
sample to be tested in biaxial stretching, which is more representative of the 
initial stages of SPF deformation conditions than uniaxial tension [Ref. 26].” 
Strain rates in bulge samples vary up the dome from 0 to some maximum value. 
Bulge samples are then classified by a nominal strain rate that occurs in the mid¬ 
latitudes of the deformed sample. Although a sample strain rate may indicate 
that it underwent deformation only in the GBS regime, it is possible that the 
higher strain rate values experienced above the mid-latitudes were in the 
dislocation creep dominated regime. A schematic representation of this is shown 
in Figure 13. 



The tool diameter was 10 cm and the initial sheet thickness was 0.125 cm. 
Figure 14 shows bulge tests at various times in the forming process. 



Figure 14 Bulge samples at various times during the forming process. 
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Both of the sample domes had already been sectioned in two halves 
approximately through the pole when received. Prior to forming, a uniform grid of 
circles 0.254 cm in diameter had been etched on the surface of the aluminum 
sheet material. This allowed for the measurements of local strains as well as 
verification of rolling direction and transverse direction in the deformed dome 
samples. A band saw was used to cut a strip approximately 1/2 inch across, as 
shown in Figure 15 below. 



(a) (b) 


Figure 15 AA 5083 Dome Samples (a) 3x1 O' 4 strain rate, (b) 10' 2 strain 

rate 

The etched circles were then numbered accordingly as shown in Figure 16 
and located at the positions indicated in Table 1. It is important to note that the 
lower strain rate sample achieved a greater dome height of 5.86 cm, as denoted 
by position 15 measurement, while the higher strain rate sample achieved a 
height of 4.93 cm at the same position. 
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(a) 





Figure 16 Sample diagram, (a) Top view, (b) Side view, (c) Initial strip cut, 
and (d) circle number and locations across dome. 
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32 

5.00 

180 

31 

4.90 

176 

29 

4.78 

164 

27 

4.69 

154.5 

25 

4.68 

144 

23 

4.67 

133.5 

21 

4.80 

121 

19 

4.86 

108.5 

17 

4.92 

95.5 

16 

4.89 

89 

15 

4.93 

81 

13 

4.82 

67.5 

11 

4.74 

55 

9 

4.72 

44 

7 

4.71 

34 

5 

4.73 

23 

3 

4.83 

13 

1 

4.90 

3 

0 

5.00 

0 


Table 1 Position locations by radius and angle of (a) 10' 2 s' 1 strain 
rate and (b) 3x1 O' 4 s' 1 strain rate. 


After recording the angle and radius to each grid circle, a Buehler low- 
speed saw equipped with a diamond-wafering blade was used to section the 
samples so that the middle of each segment would correspond to the following 
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positions: 1; 5; 9; 13; 17; as well as a section from the undeformed region. 
These locations were chosen to get a representative picture of the evolution of 
texture and its correspondence to deformation mechanism along the dome. 
When cutting, care was taken to keep the blade at least 0.5 cm away from the 
desired location, thus avoiding damage to the microstructure due to sectioning. 
After the 6 samples were cut, they were again cut parallel to the sample surface 
at a distance of approximately 0.5 cm. This was once more done to avoid 
damage to the microstructure and to fit sample holder requirements for the OIM. 


C. SAMPLE PREPARATION 

Once the samples had been sectioned, preparation for microscopy work 
began. During Orientation Imaging Microscopy, electron backscatter diffraction 
takes place at a depth of only 50 nm below the surface [Ref. 3]. As a result, it is 
very important that the sample be polished to achieve a uniform flat surface free 
of residual stress. This is accomplished through grinding and polishing. The 
grinding began with 500 grit silicon carbide paper and continued with 
successively finer grits as laid out in Table 2 below. The silicon carbide papers 
were placed on a Buehler Wheel, set to a speed of 40 rpm, and lubricated with 
water. It was necessary to avoid the use of excessive downward pressure during 
grinding to prevent the embedding of abrasives and superficial deformation of the 
sample surface. After each grinding step, the samples were rinsed with 
methanol. Following the final grinding step the samples were placed in a beaker 
of methanol and ultrasonically cleaned for 10 minutes. 


Grit 

Wheel Speed 

Time 

500 

40 rpm 

30 sec 

1000 

40 rpm 

30 sec 

2400 

40 rpm 

30 sec 

4000 

40 rpm 

30 sec 


Table 2 Grinding Procedure 
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Polishing is necessary remove all remaining distortions after grinding. The 
samples were first polished with a 1 pm colloidal silica suspension on a polishing 
cloth. The cloth was placed on a Buehler Wheel and set to 50 rpm. Samples 
were polished until all evidence of grinding was removed. A Buehler Electromet 
4 Electropolisher was employed to accomplish this task. Using a 20% Perchloric 
Acid - 70% Ethanol - 10% Glycerol electrolyte solution that was cooled to -25° 

C, the samples were polished for two 10 second intervals. The samples were 
then quickly placed in a beaker filled with methanol to prevent surface oxidation 
prior to examination by Orientation Imaging Microscopy as described in the 
background section. 

D. ELECTRON BACKSCATTER DIFFRACTION 

Electron backscatter diffraction (EBSD) is accomplished by subjecting a 
sample to a focused electron beam. The electrons then interact with the material 
and are diffracted to create a pattern consistent with the local crystallographic 
orientation. The patterns are comprised of several intersecting lines which are 
known as Kikuchi bands. The pattern can be indexed by analyzing the 
arrangement of the Kikuchi bands [Ref. 15]. EBSD was carried out using a 
TOPCON SM-510 Scanning Electron Microscope (SEM). The SEM is equipped 
with a tungsten filament and was operated at an accelerating potential of 20 kV. 

After the samples were polished and placed in the methanol they were 
brought to the SEM lab. The samples were then dried and mounted in the SEM 
using a sample holder that maintains the examination surface at a 70° angle to 
the incident electron beam. This allows Bragg Diffraction to be carried out 
without having to rock the electron source. The SEM was then brought up to the 
desired accelerating potential and the Tungsten filament brought up to saturation. 
The spot size was generally set to either 10 or 11, 10 being the preferred spot 
size since it produced the lowest signal to noise ratio. After locating the desired 
position on the sample, the sample was brought into focus. 
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E. ORIENTATION IMAGING MICROSCOPY 

Orientation Imaging Microscopy (OIM) software was employed to capture 
and analyze the EBSD patterns, known as EBSPs. A phosphor screen is 
positioned near the sample to catch the image of the diffracted electrons (Figure 
17). A low-light camera is then utilized to acquire the image on the phosphor 
screen for indexing by the OIM software. Eight frames are received and then 
averaged by the computer and the resulting Kikuchi band is indexed for that 
point. Using the OIM software, sample scans were set to cover a 250 pm by 75 
pm region, with a step size of 1 pm. The long leg of the scan ran parallel to the 
transverse direction in the higher-strain-rate samples and parallel to the rolling 
direction in the lower-strain-rate samples. After the scan was completed, data 
analysis began. 



Figure 17 Electron backscatter diffraction schematic ([From Ref. 12]). 

The data was cleaned up to eliminate noise and improve contrast. The 
grain tolerance was set to 2 with a minimum grain size of 1, as well as criteria 
stipulating that a minimum confidence index (Cl) of 0.1 be met. The data was 
then rotated to coincide with axis used by the OIM. In the higher strain rate 
sample this required 2 rotations of approximately 90 about both the normal 
direction (ND) and the rolling direction (RD). In the lower strain rate sample this 
required only one rotation of approximately 90 about the normal direction (ND). 


21 



THIS PAGE INTENTIONALLY LEFT BLANK 


22 



IV. RESULTS 


A. GRAIN SHAPE AND SIZE 

As discussed in the background section, grain boundary sliding under 
uniaxial tension is characterized by equiaxed, slightly elongated grains and grain 
growth during deformation. In contrast, dislocation creep results in an elongated 
grain structure that contains subgrains of misorientation angle less than 15°. 
Grain growth typically is less evident during dislocation creep deformation than 
during GBS. In an effort to determine the dominant deformation mechanism 
across the dome, grain size and shape measurements were made using the OIM 
software for materials deformed under nominally GBS and dislocation creep 
conditions. A representative overview of these analyses is shown in and Figure 
18 and Figure 19. 



Figure 18 Grain Size and Shape Data for sample deformed 

at SxIO^s 1 
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The data in Figure 18 were taken from the sample of nominal strain rate 
3x1 O' 4 s' 1 , which showed visible signs of failure in the pole region prior to 
sectioning. The final dome height was about 5.8 cm. Row (a) in this figure 
corresponds with data collected in the undeformed region of the sample, while 
row (b) relates to data gathered at the mid-latitude of the sample and row (c) is 
data from the pole region. The first column of this figure contains Image Quality 
(IQ) maps generated with OIM software for each region. In the second column 
only grain boundaries greater than 15° are included, thereby rendering the overall 
grain shape. The final column also includes boundaries <15° and thus shows the 
formation of subgrains within the grain structure. The red lines indicate grain 
boundaries less than 15°, thus the occurrence of subgrains. The development of 
cavitation is apparent in all three columns of data. The diagram shows that the 
normal direction is perpendicular to the local sheet normal while the rolling 
direction runs parallel. 

The images in row (a) represent material that has experienced mainly 
annealing alone and show a refined, recrystallized grain structure. The grains 
are somewhat elongated in the prior rolling direction and there are a few low- 
angle boundaries present. The darkest regions in the IQ map are likely particles 
or small cavities. At the mid-latitude region (row b), some grain growth is 
evident, as well as grain elongation. Grain growth is most apparent in the grain 
maps showing boundaries >15° (middle column). When all boundaries are 
considered (right-hand column) it appears that subgrain boundaries are forming 
even though deformation conditions correspond to GBS. Further grain growth is 
apparent to the right-hand side of all images in row (c), and subgrain formation is 
also evident in regions between cavities. Thus, local conditions may vary 
significantly from the nominal conditions for this material. 
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Figure 19 10' 2 Grain Size and Shape Data 


The data in Figure 19 were taken from the sample formed at the higher 
nominal i, 10' 2 s' 1 . Unlike the previous sample, this one did not show any 
outward signs of failure prior to sectioning, but the final dome height had reached 
approximately 4.9 cm, nearly 1 cm less than the previous sample. Row (a) in this 
figure also corresponds to data collected in the undeformed region of the sample, 
while row (b) relates to data gathered at the mid-latitude of the sample and row 
(c) is, again, data from the pole region. The first column of this figure contains 
Image Quality maps generated with OIM software for each region. The second 
column is a representation of grain boundaries greater than 15°, depicting overall 
grain shape. The final column shows the formation of subgrains within the grain 
structure. The red lines indicate grain boundaries less than 15°, thus the 
occurrence of subgrains. The development of cavitation is apparent in all three 
columns of data. As indicated by the inset axes, the normal direction is parallel 

to the outward sheet normal while the transverse direction runs perpendicular. 
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As indicated in the second column, a fine, relatively equiaxed grain 
structure is present in the undeformed region; some grain elongation in the prior 
rolling direction may be observed. Around the mid-latitude region, more grain 
elongation can be seen along with minor grain growth. At the pole, there is still 
more grain growth in both the thickness and transverse direction and subgrain 
boundaries aligned with both directions. 

B. MISORIENTATION ANGLE 

Grain boundary sliding is also characterized by a near random distribution 
of grain-to-grain misorientations. Conversely, dislocation creep can be 
distinguished by the appearance of low-angle (0-15°) boundaries. The charts 
below represent misorientation calculations taken from the sample deformed at 
the lower rate. 



(a) (b) 

Figure 20 Histograms for 3x10-4 s-1 sample depicting (a) high-angle 
boundaries and (b) the occurrence of low-angle boundaries. 


Figure 20(a) shows a random distribution of misorientations in the 
undeformed region of the sample. Similar calculations up the dome of the 
sample show the dominance of high-angle boundaries until the pole is reached. 
Figure 20(b) shows the appearance of low-angle boundaries in the distribution 
that occurred at the pole of the dome. 

Misorientation calculations up the dome are superimposed in Figure 21 
and show the distinct change at the pole from grain boundary sliding to 
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dislocation creep regime. The corresponding histograms for these data are 
included in Appendix A. 


Misorientation Angle 
£= 10 2 s- 1 



Figure 21 Misorientation angle distributions for 3x1 O' 4 s' 1 


In this figure, the data denoted ‘0’ are for the undeformed region, and the 
increasing numbers correspond to the positions laid out in the experimental 
section; the location denoted ‘17’ is near the pole of the dome. The light colored 
plots depict a dominance of high-angle boundaries while the dark plot represents 
the data from the pole area and the development of low-angle boundaries. 

The sample deformed at the higher strain rate showed a similar plot for 
the undeformed region but development of low-angle boundaries at lower 
latitudes. Figure 22 shows that high-angle boundaries (a) dominate only in the 
undeformed region and that low-angle boundaries (b) appear around 40-45° up 
the dome. Misorientation calculations up the dome are shown collectively in 
Figure 23 and suggest that a transition from GBS to dislocation creep occurred 
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around Position 9. The corresponding histograms for these data are shown in 
Appendix B. 



(a) (b) 


Figure 22 Histograms for 10' 2 s' 1 sample depicting (a) high-angle boundaries 
and (b) the occurrence of low-angle boundaries. 


Misorientation Angle 

£ = 10- 2 s - 1 



Figure 23 Misorientation angle distributions for 10-2 s-1 


In this figure, the data denoted ‘0’ are for the undeformed region, and the 
increasing numbers correspond to the positions described in the experimental 
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section; the location denoted ‘17’ is near the pole of the dome. The light colored 
plots depict a dominance of high-angle boundaries while the dark plots represent 
the data from the mid-latitudes onward and the development of low-angle 
boundaries. 

The overall occurrence of low-angle boundaries under biaxial deformation 
was significantly less than that found under uniaxial deformation in the 
dislocation creep regime. A possible reason for this is that the contribution of 
hydrostatic stress is greater under biaxial strain conditions than under uniaxial. 
Oh-ishi et al. (2004) found that 

A comparison of the disorientation distributions for biaxial 
deformation and uniaxial deformation, both in the dislocation creep 
regime, shows that the relative population of low-angle boundaries 
is smaller for dislocation deformation under biaxial conditions. This 
suggests that cavity nucleation and growth may contribute a greater 
fraction of the strain during dislocation creep under biaxial 
conditions than under uniaxial conditions. Under either loading 
condition, plastic deformation occurs when the maximum principal 
tension cr, = o 0 , where cr 0 is the flow stress. However, the 
hydrostatic pressure under balanced biaxial tension is 
cr h =-{2/^(j o , while it is cr h =-(j/Qcr 0 under unixial tension. For 

this reason processes leading to dilatiation will be expected to 
contribute more to the total strain under biaxial conditions than 
under uniaxial conditions [Ref. 27], 


C. TEXTURE DEVELOPMENT 

In an effort to confirm that texture development could be linked to 
dislocation creep, texture plots were generated for each location studied. Below 
is a representation of a texture plot from the undeformed region of the lower e 
sample and the corresponding <001 > polar plot. Due to symmetry in the texture, 
the chart shows texture intensity around the RD axis as a function of angles from 
0 to 90°. Here, high intensity at 0° corresponds to <001 > directions aligned with 
the rolling direction, while intensity at 90° represents alignment in the plane of the 
sheet. There is a weak residual texture from rolling which is indicated by the 
small peak at low-angles. 
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Figure 24 <001 > Texture and Polar plot for undeformed region of lower strain 

rate sample. 

For comparison purposes, <001 > polar plots are shown collectively in 
Figure 25. Beginning with the undeformed region and working up toward the 
pole region, the plots are depicted in alternating light and dark colors, where the 
undeformed region is light and the pole position is dark. As stated previously, a 
weak orientation aligned with the rolling direction is left over from rolling and is 
shown in the ‘0’ line. There is an initial relaxation of the rolling texture 
corresponding to grain boundary sliding. The weak texture then persists up the 
dome until approximately 75° (position 13). A significant rise in peak intensity at 
this position and the pole position depicts the onset of dislocation creep as the 
dominant deformation mechanism. The corresponding texture plots for this data 
are located in Appendix C. 


30 











3x1 O' 4 s' 1 Texture 


<001 > Pole Plots 



□o 

■ i 

□ 5 

■ 9 

□ 13 

■ 17 


Figure 25 <001 > Polar plots for 3x1 O' 4 s' 1 sample 

Texture analyses for the lower nominal strain rate sample showed only the 
<001 > fiber present which is reflected by the broad peak in the <111 > distribution 
around 54° as shown in Figure 26. 
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Figure 26 <111 > Polar plots for 3x1 O' 4 s' 1 sample 


Figure 27 is a representative pole figure from the undeformed region of 
the higher t sample, and the corresponding <001 > polar plot. Again, due to 
symmetry in the texture, the chart shows texture intensity around the RD axis as 
a function of angles from 0 to 90°. As in the previous low strain rate plots, a 
weak residual texture from rolling is apparent as indicated by the small peak at 
low-angles. 



RD 
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Figure 27 <001 > Texture and Polar plot for undeformed region of higher strain 

rate sample. 
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The consolidated chart of <001 > textures (Figure 28) for the higher strain 
rate sample shows essentially the same phenomenon as in the lower strain rate 
sample. The initial weak orientation persists up the dome until around 50° 
(position 9) at which point an increase in peak intensity indicates the onset of 
dislocation creep. The intensity of the preferred orientation is slightly greater 
throughout the measurements of the higher i sample when compared to the 
lower £ sample. The corresponding texture plots for this data are located in 
Appendix D. 
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Figure 28 <001 > Polar plots for 10' 2 s' 1 sample 

Texture analyses for the higher nominal strain rate sample showed the 
occurrence of a weak <011 > fiber present in positions 9 through 17, from about 
50° up to the pole. This fiber is apparent in the <011 > polar plots (Figure 29) at 0° 
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and 45°. It is also reflected by the peak in the <111> distribution around 35° as 
shown in Figure 30. 


10' 2 s' 1 Texture 
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Figure 29 <011 > Polar plots for 10' 2 s' 1 sample 
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Figure 30 <111 > Polar plots for 10' 2 s' 1 sample 
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V. DISCUSSION 


The results achieved during this study are consistent with a transition in 
deformation mechanisms during superplastic dome forming. These dome 
samples provide material that has experienced isochronal deformation. Thus, 
different locations from the equator to the pole of the dome experience different 
strains and strain rates over the same time interval. In the undeformed region as 
well as the clamped region, the material experiences only annealing effects. 
Near the equator and up to the mid-latitudes, the dome undergoes strains and 
strain rates below the nominal value for the dome deformation. 

This occurred in the sample deformed at the lower nominal strain rate, 
3x1 O' 4 s' 1 , in positions 1 - 5, which places them firmly in the GBS regime. There 
is no evidence of subgrain boundary formation in the misorientation data for 
these points, and texture analyses show that the initial weak cube orientation is 
retained relatively unchanged as is consistent with deformation by GBS. Data 
collected at the pole of this dome (position 17) show the formation of subgrains 
as well as a large peak in low-angle misorientations which signifies the transition 
to deformation by dislocation creep. Also, at this location a distinct <100> fiber 
texture (parallel to the rolling direction) is evident which further indicates the 
transition to deformation by dislocation creep. This suggests that the pole of the 
lower nominal strain rate sample was elevated into the transition region or even 
further into the dislocation creep regime (Figure 13). A complicating factor at this 
location is the formation of large cavities; the loss of load bearing cross-sectional 
area would result in local elevation of both strains and strain rates. This would 
shift the local strain rates to even higher quantities within the dislocation creep 
regime. 

The data for the higher nominal strain rate sample also suggest this 
variation in local rates around the nominal value. The strain rate of 10' 2 s' 1 
should place the sample within the dislocation creep regime. However, there 
was again a cube orientation in the clamped region due to recrystallization which 
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persisted in regions just above the dome. This suggests that the local strain 
rates, which are below the nominal strain rate, were low enough to fall into the 
GBS regime or transition region (Figure 13). In contrast, misorientation and 
texture data nearer the pole allude to the dominance of dislocation creep. The 
occurrence of subgrains as well as the strengthening of the <100> fiber supports 
this supposition. However, the texture only becomes slightly more distinct than 
that in material deformed under conditions nominally dominated by GBS. This 
suggests that GBS may contribute well into the dislocation regime and may 
reflect the larger role that the hydrostatic stress plays in biaxial straining 
conditions versus uniaxial straining conditions. 

Finally, since this research was done in an effort to achieve a 
representative overview of two domes formed under biaxial straining conditions, 
the microtexture data was obtained from approximately 25,000 data points for 
each position. A better definition of texture development will likely require larger 
scan areas in selective regions to improve the statistics in defining the textures. 
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VI. CONCLUSIONS 


1. In the lower strain rate sample, a transition from grain boundary sliding to 
dislocation creep occurred at the pole of the dome as indicated by both 
misorientation angle data and fiber texture development. The formation of 
low-angle boundaries in the material around cavities results in a higher 
number fraction between 0° and 15°. This is due to local increases in 
strain and strain rate in ligaments between cavities. The IQ maps indicate 
much larger cavities in lower strain rate sample than the higher strain rate 
sample. 

2. In the higher strain rate sample, the transition from grain boundary sliding 
to dislocation creep occurred at approximately 45° up the dome as 
indicated by both misorientation angle calculations and texture 
development. 

3. The overall occurrence of low-angle boundaries and texture development 
under biaxial deformation was significantly less than that found under 
uniaxial deformation in the dislocation creep regime. This likely reflects 
the hydrostatic stress component which is greater during biaxial 
deformation than uniaxial deformation. 

4. The transition region in the 10' 2 s' 1 sample occurred only slightly earlier 
than that in the 3x1 O' 4 s' 1 sample. The expected increase in texture 
development from lower strain rate sample to higher strain rate sample 
was not as drastic under biaxial deformation conditions as uniaxial 
deformation conditions. 

5. Elongated grains that form during unixial tension did not form under biaxial 
straining conditions. Grain growth was observed with subgrains parallel to 
both the thickness and the transverse directions. 

6. More grain growth was apparent in higher strain rate sample which spent 
less time at temperature. 
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7. Texture formation in samples occurred in association with orientations in 
the initial weak texture which arose from thermomechanical treatments 
prior to deformation. 
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VII. RECOMMENDATIONS 


Further research in this area should 

1. Include larger scan sizes of the regions in order to get a more 
complete picture of texture development. The average area 
scanned in this study was 25000 pm 2 , while the average area 
scanned in selected cases previously [Ref. 5] was approximately 
75600 pm 2 . 

2. Include more scans in the transition region to study more indepth 
the mechanisms at work. 

3. Since the strain rates given for each sample were nominal values 
around the mid-latitudes, further research should look into the 
effects of local strain and strain rate history across the dome. 
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APPENDIX C SXIO^S' 1 <001> TEXTURE PLOTS 



■ max = 3419 
3 400 
2.662 


2.084 

1-632 


1 277 
1.000 
0.783 
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max = 3.419 


3 400 
2.662 
2.084 
1.632 
1.277 
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3 400 
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2.084 
1.632 
1.277 
1.000 
0763 
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| 3 400 
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2.084 
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3 400 
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APPENDIX D lO^S' 1 <001 > TEXTURE PLOTS 









002 


0 22 


max = 3.193 
3 200 
2.536 
3010 
1 592 
1262 
1 000 
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max = 3.193 
3200 
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2 010 
1 592 
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I max= 3.193 
| 3 200 
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1 000 
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002 


002 
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3700 
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0792 ^ 
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